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Abstract
Communication is ubiquitous in our everyday life and appears to be effortless at least tomost of us. Yet, individuals with autism spectrum disorder (ASD) can experiencedifficulties in social communication and interaction and when recognizing sociallyrelevant signals from the face and the voice. Such impairments of social communicationcan vastly affect the quality of life - a profound understanding of the mechanisms behindthese impairments is thus strongly required. Previous research on social communicationin ASD has put emphasis on emotion processing and looked at the difficulties mainly fromthe cognitive perspective. In the current dissertation, I focused on sensory brainmechanisms that underlie the perception of emotionally neutral aspects ofcommunication signals that so far have gained little attention in ASD research. I studiedthe malleability of voice-identity processing in the human brain using intranasaladministration of oxytocin, and thus the potential to alleviate voice-identity recognitionimpairments in ASD. Furthermore, I investigated brain mechanisms that underliedifficulties in the recognition of visual speech in ASD, because previous evidence onvisual-speech recognition in ASD was limited to behavioral findings. For this purpose, Iapplied methods of functional magnetic resonance imaging (fMRI), eye tracking, andbehavioral testing. The contribution of the findings of the present dissertation is twofold.First, the findings provide novel evidence corroborating the view that atypical sensoryperception is a critical cornerstone for understanding social communication difficulties inASD. Dysfunction of visual and auditory sensory brain regions might not only contributeto difficulties in processing aspects of communication signals in ASD, but also determinethe efficacy of interventions that aim to improve the behavioral deficits. Second, thefindings deliver empirical support for a recent theoretical model of how the typicallydeveloping brain perceives moving faces. This improved our current knowledge aboutbrain mechanisms that underlie the processing of visual communication signals from themoving face in the typically developing population. Advanced scientific knowledge abouthuman communication, as provided in the current dissertation, propels not only furtherempirical research, but also development of clinical interventions that aim to promotecommunication abilities in affected individuals.
Zusammenfassung
Kommunikation ist allgegenwärtig in unserem Alltag und scheint zumindest für diemeisten von uns mühelos zu sein. Jedoch Personen mit einer Autismus-Spektrum-Störung(ASS) können Schwierigkeiten in sozialer Kommunikation und Interaktion zeigen. Siehaben unter anderem Schwierigkeiten beim Erkennen von Kommunikationssignalen, diemittels Gesichts und Stimme dargeboten werden. Da derartigeKommunikationseinschränkungen einen negativen Einfluss auf die Lebensqualität habenkönnen, ist ein tiefgreifendes Verständnis der zugrundeliegenden Mechanismen vongroßer Bedeutung. Bisherige Forschung zu sozialer Kommunikation in ASS legte ihrenFokus darauf, wie Personen mit ASS Emotionen verarbeiten und betrachtete die sozialenKommunikationsschwierigkeiten hauptsächlich auf der kognitiven Ebene. In dervorliegenden Dissertation befasste ich mich mit sensorischen Gehirnmechanismen, dieder Verarbeitung emotionsneutraler Kommunikationssignale zugrunde liegen und, die inder Forschung zu ASS bisher wenig Beachtung fanden. Erstens untersuchte ich, ob eineintranasale Gabe von Oxytocin die Prozesse der Identitätserkennung von der Stimmebeeinflussen kann, und somit die Schwierigkeiten in der Stimmenidentitätserkennung beiPersonen mit ASS mildern kann. Zweitens erforschte ich, welche neuronalen Prozesse dieSchwierigkeiten in der Wahrnehmung visueller Sprache bei Personen mit ASS erklärenkönnen, da bisherige Evidenz nur auf Verhaltensdaten basierte. Um diese Fragestellungenzu beantworten, wendete ich Methoden der funktionellen Magnetresonanztomographie(fMRT), Eyetracking und Verhaltenstestungen an. Die Ergebnisse der Dissertation liefernneuartige Erkenntnisse, die sowohl für Personen mit ASS als auch für typisch entwickeltePersonen von hoher Relevanz sind. Zum einen bestätigen sie die Annahmen zur Ätiologievon ASS, dass atypische sensorische Mechanismen einen entscheidenden Grundsteindarstellen, um Schwierigkeiten in sozialer Kommunikation und Interaktion in ASS zuverstehen. Sie zeigen, dass eine Dysfunktion visueller und auditorischer sensorischerGehirnregionen nicht nur den Kommunikationseinschränkungen bei Personen mit ASSzugrunde liegen, sondern auch die Effektivität von Interventionen beeinflussen, die ebenjene Schwierigkeiten vermindern sollen. Zum anderen liefern die Ergebnisse empirischeEvidenz für aktuelle theoretische Annahmen darüber, wie das typisch entwickelte Gehirnvisuelle Kommunikationssignale in einem dynamischen Gesicht verarbeitet. Diesewissenschaftlichen Erkenntnisse zur Wahrnehmung von visuellen und auditorischenKommunikationssignalen erweitern maßgeblich unser aktuelles Wissen und zukünftige
Forschungsansätze zur zwischenmenschlichen Kommunikation. Außerdem können sieneue Ansätze für Interventionsmöglichkeiten hervorbringen, die auf die Förderung derKommunikationsfähigkeiten innerhalb klinischer Populationen abzielen.
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1|Introduction
1 Introduction
Communication is a fundamental component of human nature and ubiquitous in ourdaily life. We casually talk with friends and family in our leisure time, and we engage inprofessional discussions or in small talk during coffee breaks with colleagues at work. Thus,our predisposition and ability to communicate significantly affects most of our life domains,including not only our social life, but also our professional choices and success.Successful human communication relies on the perception of a variety of sociallyrelevant signals that can be conveyed by the whole body, face and voice. In the currentdissertation, I focused on the ability to perceive signals from the visual face and the auditoryvoice (Figure 1). The face and voice allow us to recognize a person that is interacting with us(henceforth termed as face identity and voice identity respectively). We can understand thecontent of what the person is saying (henceforth referred to as visual speech and vocalspeech respectively) and read their current emotional state (henceforth termed as facialemotion and vocal emotion respectively).Fast and accurate perception of such visual and auditory communication signals ishighly relevant to appropriately react in social situations and to adapt our behavior withrespect to others. Therefore, we are tuned to perceive them from birth on (for review seeHyde et al., 2016; Streri et al., 2012), while our brain is well equipped with specializedregions dedicated to their processing (e.g., Belin et al., 2000; Kanwisher et al., 1997). Aprofound understanding of brain processes behind the perception of communication signalsis required to elucidate the big question of what human communication is.Although communication appears to be effortless to most of us, there are individualswho can have difficulties when communicating with others. One of these groups representindividuals with autism spectrum disorder (ASD). ASD refers to a neurodevelopmentaldisorder that is characterized by core difficulties in social interaction and communication(American Psychiatric Association [APA], 2013). Individuals with ASD have deficits inrecognizing most of the visual and auditory communication signals (e.g., for review see Blacket al., 2017; Lartseva et al., 2015; Weigelt et al., 2012). However, as ASD represents aspectrum condition characterized by a variable representation of symptoms and intellectualabilities, the presence and severity of such difficulties can vary. For example, perception of
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vocal speech can remain relatively typical, at least under listening conditions withoutbackground noise (Schelinski et al., 2014; but see Alcántara et al., 2004). Until now, studiesaiming to characterize the mechanisms underlying socio-communication deficits in ASDhave put most emphasis on emotion processing, while perception of emotionally neutralcommunication signals, such as voice identity and visual speech have been investigated lessintensively.
Figure 1. Schematic overview of some aspects of communication signals that can be extracted from the visualface and the auditory voice during face-to-face communication. For the communication signals highlighted ingrey boxes, recognition difficulties have been reported in individuals with ASD. Vocal-speech recognition,highlighted in grey stripes, can remain relatively typical in ASD, at least under good listening conditions.
Individuals with ASD have difficulties recognizing others by voice and these deficits havebeen related to a dysfunction of an auditory sensory brain region implicated in theperception of voice-identity information (Schelinski et al., 2016; Schelinski et al., 2017).Because deficits in recognizing other people can have significant psychosocial consequences(Yardley et al., 2008; Fine, 2012), it is important to investigate therapeutic approachesaiming for alleviation of the impairments. Intranasal administration of oxytocin representssuch an intervention and has recently gained increasing attention due to its efficacy inpromoting perception of communication signals in typically developing individuals, as wellas in individuals diagnosed with ASD (for review see Kendrick et al, 2017; Yamasue & Domes,2017). In the first study of this dissertation (Study 1), I investigated the potential of
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intranasal oxytocin to promote voice-identity processing in the human brain, particularly inthe related auditory sensory brain regions.Developing effective therapeutic approaches requires an understanding of the brainmechanisms that underlie the respective behavioral difficulties in the affected populations.Current evidence on visual-speech recognition in ASD is to date limited to behavioralfindings (e.g., Foxe et al., 2015; Woynaroski et al., 2013). Therefore, in the next two studiesof the present dissertation, I investigated what brain mechanisms contribute to visual-speech recognition deficits in ASD. I studied this question within two theoreticalframeworks. First, I specifically referred to an ongoing debate on the contribution of sensoryperceptual mechanisms to social communication difficulties in ASD (Baum et al., 2015;Robertson & Baron-Cohen, 2017). Thus, in Study 2, I aimed to disentangle at what level ofprocessing atypical brain mechanisms contribute to visual-speech recognition difficulties inASD. Second, I considered a current theoretical account for dynamic face perception(Bernstein & Yovel, 2015). This approach may be informative for explaining visual-speechrecognition deficits in ASD, because visual speech is naturally embedded in the dynamic face.Thus, in Study 3, I investigated if functions of a brain network for dynamic face perception isaltered during visual-speech recognition in ASD.The following sections of the present dissertation provide a definition of ASD and asystematic overview of previous empirical research on the mechanisms underlying theperception of voice identity and visual speech in the typically developing population and inthe ASD population. In addition, I give a short introduction to what oxytocin is. Subsequently,I derive my research questions from the review of the current literature and describe theempirical studies that I conducted during my PhD. Based on the study outcomes I inferimplications for the ASD population and for the typically developing population. Finally, Iconclude with suggestions for future research and practical applications in clinicalpopulations.
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2 Autism Spectrum Disorder
Autism spectrum disorder is a term referring to a group of heterogeneousneurodevelopmental conditions characterized by early-onset social difficulties andrestricted behaviors and interests (APA, 2013; Lai et al., 2014). First clinical descriptions ofASD stem from Leo Kanner (1943) and Hans Asperger (1944), who described groups ofchildren demonstrating qualitative impairments in reciprocal social interactions andcommunication and a restricted repertoire of interests and behaviors. Currentcharacterization of the core symptoms of ASD are still largely based on these seminaldelineations.The 10th edition of the International Classification of Diseases (ICD-10) distinguishesbetween subtypes of ASD, such as childhood autism and Asperger’s Syndrome, which arelisted under the category of pervasive developmental disorders (PDD) (World HealthOrganization [WHO], 2004). Both disorders are commonly diagnosed based on the presenceof the core symptom triad including qualitative impairments in reciprocal social interactionsand patterns of communication, and a restricted, stereotyped, repetitive repertoire ofinterests and activities. In contrast to Asperger’s Syndrome, the diagnosis of childhoodautism requires the presence of impaired or delayed language development. The most recentedition of the Diagnostic and Statistical Manual of Mental Disorders [DSM-5] (APA, 2013)consolidated the subtypes under one single diagnosis of ASD. According to DSM-5, ASD canbe characterized by additional specifiers with regard to current symptom severity andpresence of intellectual and language impairments or other associated disorders orcomorbidities. The triad of symptoms was also collapsed into a dyad, where social andcommunication difficulties were merged into one single domain.The prevalence of ASD has been rising in the past years with current worldwideestimates at around 1-2% (e.g., Baron-Cohen et al., 2009; Idring et al., 2012; Kim et al., 2011;Saemundsen et al., 2013), also when considering adults only (Brugha et al., 2011). Theincrease of prevalence is likely due to increased awareness and recognition of ASD, youngerage of diagnosis and changes in diagnostic concepts and criteria (Fisch et al., 2012;Fombonne et al., 2012). ASD is more often diagnosed in males than in females (Baron-Cohenet al., 2011). Twin studies provided strong evidence that genetics have a key role in the
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etiology of ASD (Ronald & Hoekstra, 2011; Tick et al., 2016), but the influence ofenvironmental factors and their interaction with genes have also been considered crucial(Grabrucker et al., 2013).ASD has been also classified with regard to the level of intellectual functioning of theaffected individuasl, where one distinguishes between “low-functioning” ASD (LFA) and“high-functioning” ASD (HFA) (Baron-Cohen, 2008). Individuals with LFA have intellectualabilities below a normal range as usually indicated by the intelligence quotient (IQ) below85, while HFA refers to individuals with intellectual abilities within or above the normalrange (IQ > 85) (Baron-Cohen, 2008). This classification has been widely adopted forresearch purposes. The term HFA usually refers to individuals with childhood autism withan IQ higher than 85 or to individuals with Asperger’s Syndrome (Gillberg, 1998). In thecurrent dissertation, study samples included individuals with HFA. From now onwards, I willuse the term ASD to refer to individuals from this specific subpopulation.Several theories exist that have aimed to describe mechanisms behind the coresymptoms of ASD (for review see Baum et al., 2015; Lai et al., 2014). However, covering thecomplexity and heterogeneity of ASD symptoms has been a significant challenge for suchtheoretical frameworks and of little success so far. ASD is characterized by atypicalinformation processing related to structural and functional brain atypicalities, which can bedescribed at the level of cognition or at the level of sensory perception. So far, previoustheories have put their focus on the cognitive perspective. Among these, the most prominenttheory is the Theory of Mind (ToM; Baron-Cohen, 1989). It is based on evidence thatindividuals with ASD have difficulties inferring emotional and mental states of other people(Baron-Cohen et al., 1985; Happé, 1994), and these have been linked to reduced responsesin frontal and temporal brain regions implicated in ToM (Castelli et al., 2002; Lombardo etal., 2011). Such atypicalities can be already observed for the primary cornerstones of ToM,such as reduced eye contact, joint attention or emotion perception (Dawson et al., 2004;Fridenson-Hayo, 2016; Senju & Johnson, 2009). Another theoretical account, The SocialMotivation Theory, proposes that individuals with ASD are less interested and motivated toengage in social interactions with others (Chevallier et al., 2012). While these two theoriesare centered on the social domain, other prominent theoretical approaches target moregeneral cognitive mechanisms. One of these theories is the Weak Central Coherence Theory
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that refers to a preference and superiority in local information processing, together withdiminished integration of information into one global meaning (Frith, 1989; Happé, 1999).Another central theory is the Executive Dysfunction Theory, which focuses on impairmentsin a broad range of cognitive abilities, such as cognitive flexibility, inhibitory control,planning and attention shifting (Hill, 2004; Ozonoff et al., 1991).To date, atypical processing at the level of sensory perception has been less explored incomparison to atypicalities at the cognitive level. This is the case even though deficits insensory processing are very common in ASD across different ages (Leekam et al., 2007) andrecognized as a diagnostic criterion in the DSM-5 (APA, 2015). The sensory atypicalities canbe observed across different modalities including vision and audition (for review seeO’Connor, 2012; Simmons et al., 2009) and are characterized by heterogeneousmanifestations of hyper- or hyporeactivity to sensory input (for review see Robertson &Baron-Cohen, 2017). The presence of sensory atypicalities is linked to both socio-communication deficits and repetitive behaviors in the childhood (Boyd et al., 2010; Turner-Brown et al., 2013). One theory considering atypical perceptual processing is The PredictiveCoding Hypothesis of ASD (Pellicano & Burr, 2012; Van der Cruys et al., 2014). It assumesthat sensory information is less influenced by the prior knowledge of the world makingperceptual experience less predictable and more effortful for individuals with ASD (Pellicano& Burr, 2012). On the neural level, neuroimaging studies demonstrated that representationsof sensory inputs are less reliable across time in ASD. This has been measured as reducedand more variable response patterns in sensory brain regions (e.g., Haigh et al., 2014; Milneet al., 2011; but see Coskun et al., 2009). Thus, atypical sensory processing can be describedin terms of weaker statistical and neural representations.Recently, there has been an ongoing debate about the contribution of atypical sensoryand perceptual processing to socio-communication difficulties at the core of ASD (Baum etal., 2015; Thye et al., 2018). Perceptual representations of the sensory input build acornerstone for its further processing in terms of cognitive and social mechanisms. Withinthe scope of this dissertation, I aimed to gain new insights into the contribution of atypicalsensory brain mechanisms that underlie the perception of visual and auditorycommunication signals in ASD.
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3 Mechanisms for the Perception of Visual and Auditory
Communication Signals
In the following, I will outline brain mechanisms for the recognition of voice identity andtheir functional atypicalities in ASD. Moreover, I will summarize current evidence indicatingthat intranasal administration of oxytocin might enhance processing of voice-identityinformation. Subsequently, I will introduce brain mechanisms that underlie perception ofdynamic faces and visual speech in typically developing individuals and provide an overviewof behavioral findings on visual-speech recognition difficulties in ASD. I will focus only onthose findings that are crucial for the current dissertation.
3.1 Mechanisms of Voice-Identity PerceptionThe human voice as an acoustic signal is an important source of several aspects ofauditory communication signals including not only speech, but also paralinguisticinformation (Belin et al., 2004; Figure 1). One of the paralinguistic cues that we can extractfrom the voice is the identity of the person that we communicate with. Because of highrelevance of this information for survival and communication success (Sidtis & Kreiman,2012), we are tuned to attend to voice-identity information already before and right afterbirth (DeCasper & Fifer, 1980; Kisilevsky et al., 2003). Infants show a preference for theirmother’s voice in comparison to other unfamiliar female voices or to the voice of their father(Lee & Kisilevsky et al., 2014; Ockleford et al., 1988).
3.1.1 Brain Mechanisms for Voice-Identity PerceptionNeuroimaging and lesion studies have provided evidence for the existence of specializedregions in the human brain that are dedicated to voice-identity processing in the typicallydeveloping population (for review see Roswandowitz et al., 2019). These regions aretypically located in different portions of the bilateral superior temporal sulcus/ gyrus(STS/STG) and characterized by a right-hemispheric dominance (Belin et al., 2000; Belin etal., 2002; Roswandowitz et al., 2018; von Kriegstein et al., 2003; von Kriegstein et al., 2004).Along the right STS/STG, functionally different sub-regions have been related to specific
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processing stages of voice-identity recognition. The posterior part of the right STS/STGtogether with parts of the primary auditory sensory regions, such as the Heschl’s gyrus andthe planum temporale, have been associated with the perceptual analysis of voice identity(Maguinness et al., 2018). This refers to perception of acoustic voice features that arerelevant for voice-identity recognition including vocal pitch and vocal timbre (for review seeMathias & Kriegstein et al., 2014). The posterior STS/STG (pSTS/STG) is more responsive tounfamiliar compared to familiar voices (von Kriegstein et al., 2004; Zäske et al., 2017)presumably because their recognition might require a more elaborate acoustical analysis(Kreiman & Sidtis, 2011; Sidtis & Kreiman, 2012). The mid to anterior portions of theSTS/STG are involved in the subsequent recognition of voice identity (Andics et al., 2010;Belin et al., 2002; von Kriegstein & Giraud, 2004). The voice-sensitive posterior and anteriorSTS/STG (aSTS/STG) share anatomical and functional connections (Blank et al., 2011; vonKriegstein et al., 2004) and are behaviorally relevant for voice-identity recognition (Schall etal., 2015; Schelinski et al., 2016).
3.1.2 Atypical Perception of Voice Identity in ASDAlready in the very first clinical descriptions of ASD, Kanner (1943) mentioned thatchildren with ASD tend to orient less to vocal sounds. Later reports described that childrenwith ASD lack preference for their mother’s voice compared to sounds of noise created fromsuperimposed voices (Klin et al., 1991). There is evidence that individuals with ASD havedeficits recognizing paralinguistic voice information, such as vocal emotion and voiceidentity (Lartseva et al., 2015; Schelinski et al., 2017). In contrast, recognition of vocal speechcan be relatively typical, at least under a good signal-to-noise ratio (Alcántara et al., 2004;Schelinski et al., 2014; Schelinski et al., 2016). For the purpose of this dissertation, I will onlydescribe processes of voice-identity recognition in more detail.Difficulties in voice-identity recognition can be observed in individuals with ASD acrossdifferent ages (Boucher et al., 1998; Schelinski et al., 2017). Interestingly, in the typicallydeveloping population, the ability to recognize voice identity was shown to be related toautistic traits, where individuals with a higher level of autistic traits had a poorerperformance on voice-identity recognition tasks (Skuk et al., 2017). A most recent studyreported that adults with ASD compared to typically developing controls have more
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difficulties discriminating between voices, and learning and recognizing unfamiliar voices(Schelinski et al., 2017; but see Lin et al., 2015). The deficits are accompanied by a selectivelyimpaired discrimination of vocal pitch, but intact perception of vocal timbre and non-vocalpitch (Schelinski et al., 2017). In contrast, recognition of famous voices is comparablebetween the groups (Schelinski et al., 2017).Schelinski et al. (2016) demonstrated that individuals with ASD compared to typicallydeveloping individuals have significantly decreased brain responses in the right pSTS/STGduring the recognition of voice identity compared to speech. In contrast, the right aSTS/STGresponses to the same contrast were comparable between the groups. Thus, atypicalfunctions of the right pSTS/STG likely contribute to the behavioral deficits in voice-identityrecognition in ASD.The behavioral and the neural profile of the voice-identity recognition deficits in ASDconverge to point towards a dysfunction at the perceptual level of voice-identity processing(Schelinski et al., 2016; Schelinski et al., 2017).
3.1.3 Potential of Intranasal Oxytocin to Enhance Voice-Identity PerceptionOxytocin is a nine-amino acid neuropeptide that is synthesized in the paraventricularnucleus and in the supraoptic nucleus of the hypothalamus in the human brain (Landgraf &Neumann, 2004; Sofroniew, 1983). It is released via the posterior pituitary acting both as ahormone in the peripheral bloodstream and as a neurotransmitter in the central nervoussystem (Churchland & Winkielman, 2012). Peripheral release of oxytocin is crucial for birth-related processes, such as contraction of uterus muscles during parturition and lactation(Gimpl & Fahrenholz, 2001). Central release of oxytocin has been related to socio-cognitiveprocesses including affiliative behavior, stress regulation and social perception (for reviewsee Bartz et al., 2011; Meyer-Lindenberg et al., 2011).Oxytocin can also be administered externally. First findings stem from animal researchwhere an injection of synthetic oxytocin into a rat brain elicited maternal behavior towardsfoster pups (Pedersen & Prange, 1979). A groundbreaking study by Born et al. (2002)provided a non-invasive method for human application by demonstrating that intranasaladministration of neuropeptides allows them to enter the brain. Thus, intranasaladministration is a useful approach to study central effects of oxytocin in humans. Since then
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multiple human studies have administered oxytocin in form of a nasal spray to test itsinfluence on behavior and brain mechanisms (for review see Grace et al., 2018; Stevens etal., 2013; Zink & Meyer-Lindenberg, 2012). Its beneficial influence was demonstrated forseveral social functions including anxiolytic effects, stress reduction, increased trust andimproved mental attribution. The promising state of evidence has led to an intensiveevaluation of oxytocin as a therapeutic intervention for clinical disorders, especially thosecharacterized by social difficulties such as ASD (Parker et al., 2017; see also Neumann et al.,2016; van Zuiden et al., 2017). Individuals with ASD might be particularly sensitive tooxytocin treatment due to functional atypicalities of their oxytocinergic system (LoParo &Waldman., 2015; Modahl et al., 1998; but see Miller et al., 2013; Parker et al., 2014).Intranasal oxytocin can promote social interaction and communication by enhancing theperception of visual and auditory communication signals (for review see Kanat et al., 2014;Kendrick et al, 2017; Yamasue & Domes, 2017). Most of the current evidence comes fromstudies on face processing. In typically developing individuals, intranasal oxytocin canfacilitate recognition of facial emotion and face identity (Bate et al., 2014; Lischke et al., 2012;Rimmele et al., 2009) and elevated responses to face perception in visual sensory regions(Domes et al., 2014; Kanat et al., 2015). Similar oxytocin-related influences have beenreported in ASD, where oxytocin improved the ability to infer the emotional state of othersfrom the face (Domes et al., 2014; Guastella et al., 2010) and boosted responses in face-sensitive visual regions (Andari et al., 2016; Domes et al., 2014). In the auditory domain,current evidence stems only from studies conducted in ASD. Intranasal administration ofoxytocin enhanced comprehension of vocal emotion (Hollander et al., 2007) and increasedbrain responses to emotional voices in auditory sensory regions including the bilateralSTS/STG (Gordon et al., 2016).To date, it is an open question whether oxytocin can facilitate processing of voiceidentity. Such an effect of oxytocin would especially benefit individuals with ASD to alleviatetheir voice-identity recognition difficulties and to boost the reduced responses in the rightpSTS/STG (Schelinski et al., 2016; Schelinski et al., 2017). However, it is uncertain ifintranasal oxytocin can elevate brain responses in the atypical right pSTS/STG in ASD. Thus,it remains unknown if the atypical sensory mechanisms for voice-identity recognition in ASDmight modulate the efficacy of intranasal oxytocin administration.
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3.2 Mechanisms of Visual-Speech PerceptionAlthough speech perception is a predominantly auditory experience, speech informationcan be also extracted from the visual face (Figure 1). Visual speech refers to speechinformation that is inherent in the visible articulatory movements of the face. It is mosteffectively conveyed by movements of the lips, jaw, tongue and teeth, but movements in theextra-oral face parts, such as the cheeks and the larynx can be informative as well (Thomas& Jordan, 2004). The visual-speech signal contributes significantly to acquisition andcomprehension of vocal speech (McGurk & MacDonald, 1976; Sumby & Pollack, 1954) andour ability to recognize it develops already during early infancy (Dodd, 1979; Kuhl &Meltzoff, 1984). Perception of visual speech supports speech development so that infantsaround the age of 6 to 10 months show a preference for looking at talker’s mouth, likely toprepare for subsequent speech production (Hunnius & Geuze, 2004; Lewkowicz & Hansen-Tift, 2012). Moreover, visual speech compensates for hearing in deaf individuals andindividuals with hearing impairments (Bernstein et al., 2000; Giraud et al., 2001; Rouger etal., 2007) and enhances comprehension of vocal speech in normal-hearing individuals(Schroeder et al., 2008; Van Wassenhove et al., 2005). Such an effect is especially beneficialunder noisy conditions (Ross et al., 2007; Sumby & Pollack, 1954), but we tend to use thevisual-speech signal also when the vocal speech is clear (Arnold & Hill, 2001; McGurk &MacDonald, 1976).
3.2.1 Brain Network for Dynamic Face PerceptionThe human face is dynamic by nature. When we talk, laugh or raise our eyebrows, ourface changes rapidly. Fast and accurate perception of facial movement is essential forsuccessful communication. Visual speech represents one of multiple social cues that can beconveyed by the moving face (Figure 1). Previous theoretical models have attempted toexplain how the human brain perceives dynamic faces. For the purpose of this dissertation,I will delineate the theoretical approaches by Haxby et al. (2000) and by Bernstein & Yovel(2015). However, it is important to note that other theoretical models also exist thatdescribed brain mechanisms underlying face perception (e.g., Duchaine & Yovel, 2015;Haxby et al., 2000; O’Toole et al., 2002; Pitcher et al., 2014; Rossion et al., 2011).
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Haxby et al. (2000) proposed a brain network that consists of a core system and anextended system. The core system is dedicated to the visual analysis of a face, while theextended system performs further analysis of the visual information extracted from the face.Here, I will only describe the core system. It consists of three face-sensitive visual sensoryregions: (i) the occipital face area (OFA) located in the inferior occipital gyrus (Gauthier etal., 2000; Haxby et al., 1999), (ii) the pSTS/STG (Hoffman & Haxby, 2000; Kanwisher et al.,1997) and (iii) the fusiform face area (FFA) in the posterior portions of the fusiform gyrus(Kanwisher et al., 1997; McCarthy et al., 1997). The OFA likely facilitates an early stage offace perception, including the perceptual analysis of facial structure and features like theeyes and the nose (Liu et al., 2002; Liu et al. 2010). The OFA outputs to both the pSTS/STGand the FFA. The pSTS/STG is associated with processing of facial emotion, eye gaze andvisual speech (Campbell et al., 2001; Engell & Haxby, 2007). The FFA is thought to formcomplex face representations that are relevant for discrimination and recognition of identity(Andrews & Ewbank, 2004, Grill-Spector et al., 2004). Thus, the core system includes onepathway extending into the dorsal temporal cortex (i.e., OFA and the pSTS/STG) and onepathway including regions in the ventral temporal cortex (i.e., OFA and FFA). The dorsalpathway is dedicated to processing of changeable (i.e., variant) face cues, while the ventralpathway is involved in processing of invariant information. However, previous empiricalfindings contradict this functional division. The pSTS/STG has been shown to be involved inthe perception of invariant information (e.g., Anzellotti & Caramazza 2017, Dobs et al., 2018;Fox et al., 2011) while the FFA can be recruited for the perception of changeable information(e.g., LaBar et al., 2003; Sato et al., 2004; Schultz & Pilz, 2009).The	theoretical	account	by	Bernstein	and	Yovel	(2015)	proposed	a	brain	network	that	can	be	also	divided	into	a	dorsal	and	a	ventral	pathway.	However,	contrary	to	the	model	by	Haxby	et	al.	(2000),	both	pathways	are	concurrently	recruited	during	perception	of	dynamic	faces	regardless	of	what	 information	is	exactly	processed	(i.e.,	changeable,	 invariant).	The	dorsal	pathway	is	located	along	the	visual	motion	area	5	(V5/MT)	and	the	pSTS/STG.	The	V5/MT	is	an	extrastriate	visual	area	that	is	responsive	to	non-human	and	human	movement	(Grossman	et	al.,	2000;	Zeki	et	al.,	1991),	while	the	pSTS/STG	 is	selectively	responsive	to	human	movement	including	facial	movement	(e.g.,	facial	emotion,	visual	speech)	(Grosbras	et	 al.,	 2012;	 Grossman	 et	 al.,	 2005).	 The	 V5/MT	 and	 the	 pSTS/STG	 share	 structural	 and	
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functional	 connections	 and	 thus	 might	 be	 suitable	 to	 build	 one	 processing	 pathway	(Bernstein	et	al.,	2018;	Ethofer	et	al.,	2011;	Furl	et	al.,	2014).	The	ventral	pathway	includes	the	 occipital	 face	 area	 (OFA)	 and	 the	 fusiform	 face	 area	 (FFA)	 that	 are	 also	 known	 to	 be	structurally	and	functionally	well	connected	to	each	other	(Ethofer	et	al.,	2011;	Fairhall	&	Ishai,	2006;	Gschwind	et	al.,	2012;	Pyles	et	al.,	2013).	The	dorsal	pathway	is	assumed	to	be	important	 for	processing	movement	 information	 in	the	 face,	while	the	ventral	pathway	 is	involved	 in	 processing	 structural	 form	 information	 of	 the	 face.	 Henceforth,	 I	 will	 refer	 to	these	pathways	as	the	dorsal-movement	pathway	and	the	ventral-form	pathway,	respectively	(Figure	2A).Movement and form information are facial cues that are both behaviorally relevant forsuccessful perception of dynamic faces and their integration is required to yield a coherentpercept of facial movement (Giese & Poggio, 2003; Maguinness & Newell, 2015). So far, it isunclear how movement and form information is integrated in the human brain. Networkconnectivity between the dorsal-movement pathway and the ventral-form pathway couldprovide such a suitable mechanism. Two studies demonstrated that the dorsal-movementregions and the ventral-form regions were functionally connected during facial emotionperception (Foley et al., 2012; Furl et al., 2014). To date, it remains unknown whether asimilar network connectivity might be recruited for other face information such as visualspeech.
3.2.2 Brain Network for Visual-Speech PerceptionVisual speech represents one of many communication signals conveyed by the visualface. Therefore, besides the more general brain network for the perception of the dynamicface, the human brain has also developed a brain network that is more specifically dedicatedto the processing of visual speech (for review see Bernstein & Liebenthal, 2014). This brainnetwork can be broadly divided into visual sensory brain regions in the dorsal part of thetemporal cortex and into brain regions in the frontal lobe. The first brain regions areassociated with perception of visual movement in the face, while the latter are related toperception and production of speech. Henceforth, I will refer to them as dorsal-movementregions and speech-related regions, respectively (Figure 2B).
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Figure 2. Schematic illustration of brain networks considered in the investigation of brain mechanismsunderlying visual-speech recognition. pSTS/STG = posterior Superior Temporal Sulcus/ Gyrus; V5/MT = VisualMotion Area 5; OFA = Occipital Face Area; FFA = Fusiform Face Area; TVSA = Temporal Visual Speech Area; IFG= Inferior Frontal Gyrus; PCG = Precentral Gyrus; SMA = Supplementary Motor Area.
The dorsal-movement regions refer to the V5/MT and the pSTS/STG described in theprevious section. The V5/MT and the pSTS/STG have been shown to be causally related tovisual-speech recognition (Campbell et al., 1997; Riedel et al., 2015). Neuroimaging studiescorroborated that the V5/MT is involved in visual-speech perception (Callan et al., 2014;Calvert & Campbell, 2003; Paulesu et al., 2003; Campbell et al., 1997). However, the V5/MTresponses were not specific to visual speech, as they were lower to visual-speech movementscompared to non-speech movements (Bernstein et al., 2011). In contrast, the pSTS/STGcontains portions that are selectively sensitive to visual speech, which have been labeled asthe so-called temporal visual speech area (TVSA; Bernstein et al., 2011). The TVSA in the lefthemisphere might be particularly relevant for visual speech, because its responses wereassociated with behavioral recognition accuracy (Hall et al., 2005; Lee et al., 2007). Takentogether, the V5/MT likely performs a general analysis of the movement in the face and then
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forwards the information to the TVSA for a more complex and specific analysis of visual-speech information (Ethofer et al., 2011; Furl et al., 2014).Visual-speech perception has been shown to elicit responses also in portions of thebilateral supplementary motor area (SMA), bilateral precentral gyrus (PCG) and the leftinferior frontal gyrus (IFG) (Blank & von Kriegstein, 2013; MacSweeney et al., 2000; Okada& Hickok, 2009). These brain regions correspond to speech-related regions that are involvedin both perception and production of speech (for review see Hickock & Poeppel, 2015;Tryfon et al., 2018). The PCG and the SMA are proposed to map the phonologicalrepresentation of the perceived speech sound onto its articulatory representation, while theIFG is involved in mapping the speech percept onto its semantic meaning (for review seeFriederici, 2011; Hickok & Poeppel, 2015). This is likely facilitated by anatomicalconnections between the speech-related regions and the pSTS/STG (for review seeFriederici, 2015).Previous study by Chu et al. (2013) shed light on the temporal dynamics of the brainnetwork for visual-speech recognition indicating that the speech-related regions respondsubsequently to the dorsal-movement regions during visual-speech perception. Suchnetwork dynamics suggest that visual-speech recognition could be broadly divided into twoprocessing stages: (i) an earlier stage of facial-movement perception followed by (ii) a laterstage where speech information is extracted from the movement.
3.2.3 Atypical Perception of Visual Speech in ASDThe ability to recognize visual speech is highly variable across normal-hearingindividuals (Tye-Murray et al., 2014; Auer & Bernstein, 2007). Depending on the complexityof the visual-speech signal (i.e., syllable, isolated words, words in sentences), the recognitionaccuracy of normal-hearing individuals can vary between 0 and 75% (Bernstein et al., 2000).Impairments in visual-speech recognition have been reported in clinical conditions includingASD (Smith & Bennetto, 2007; see also Mohammed et al., 2006; Surguladze et al., 2001).Deficits in recognizing visual speech in ASD can be observed across different ages (Foxe etal., 2015; Schelinski et al., 2014). Individuals with ASD compared to typically developingcontrols show lower performance when asked to recognize syllables, single words andwords embedded in sentences from visual-only articulatory movements (Iarocci et al., 2010;
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Irwin et al., 2011; Woynaroski et al., 2013; but see also Saalasti et al., 2012). One of thepotential mechanisms contributing to the recognition deficits in ASD could be atypical gazebehavior representing one of the core characteristics of ASD (for review see Guillon et al.,2014; Nomi & Uddin, 2015). Individuals with ASD show reduced gaze behavior to the faceand to its most informative mouth area during visual-speech recognition (Irwin et al., 2011;Irwin & Brancazio, 2014). However, visual-speech recognition difficulties have been alsoobserved, when gaze behavior in ASD was comparable to typically developing individuals(Foxe et al., 2015; Irwin et al., 2011).Yet, it remains an open question what brain mechanisms underlie visual-speechrecognition in ASD. On the one hand, individuals with ASD might be less able to recognizevisual speech because they have difficulties in perceiving movement in the face due toatypical processing in the dorsal-movement regions. On the other hand, they might bechallenged to extract speech information from the facial movement due to atypicalmechanisms in the speech-related regions. Thus, according to the first scenario visual-speech recognition deficits in ASD would arise at the level of sensory perception, whileaccording to the latter at the level of cognition. Considering findings about atypical gazebehavior in ASD, distinguishing between the two scenarios requires recording eyemovements to assess if participants attend to visual-speech signal (Marassa & Lansing,1995).
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4 Questions Addressed in the Dissertation
The aim of the current dissertation was to examine the role that sensory brain regionsthat are related to perception of communication signals from the face and the voice, have forour understanding of some aspects of social communication difficulties in ASD. For thispurpose, I tested the malleability of brain responses to voice-identity recognition usingintranasal administration of oxytocin and investigated brain mechanisms behind visual-speech recognition difficulties in ASD. In the following, I will outline the scientific questionsaddressed in the three empirical studies that I conducted within the scope of thisdissertation.
4.1 Does Oxytocin Modulate Voice-Identity Processing in the Human Brain?Intranasal administration of oxytocin can augment behavioral and brain mechanisms forface and voice perception in typically developing individuals (e.g., Rimmele et al., 2009;Domes et al., 2014) and in individuals with ASD (e.g., Andari et al., 2016; Gordon et al., 2016).Currently, it is unknown whether recognition of voice identity and its underlying brainresponses can be also boosted by intranasal oxytocin. Considering impairments of voice-identity recognition in ASD (Schelinski et al., 2016; Schelinski et al., 2017), such an oxytocin-related enhancement would be particularly beneficial for this population.The aim of Study 1 was to disclose whether intranasal administration of oxytocin canincrease right pSTS/STG responses to voice-identity recognition and its behavioral accuracyin typically developing individuals and in individuals with ASD. However, in ASD, it wasunclear if intranasal oxytocin would be able to increase the right pSTS/STG responses tovoice-identity recognition due to atypical functioning of this brain region during voice-identity recognition.
4.2 What Brain Mechanisms Underlie Visual-Speech Recognition Deficits in
ASD?Individuals with ASD have difficulties with recognizing visual speech (e.g., Foxe et al.,2015; Schelinski et al., 2014). To date, it remains unknown what brain regions or networks
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might contribute to the behavioral deficits. One of important factors to consider aredecreased eye movements to the face in ASD, particularly to the mouth region (Irwin et al.,2011; Irwin & Brancazio, 2014; but see Foxe et al., 2015).
Study 2 aimed to disentangle at what processing level the visual-speech recognitiondeficits in ASD emerge. Considering the brain network for visual-speech recognitiondelineated in typically developing individuals, the deficits might be due to atypical brainmechanisms at the level of visual-movement perception (“dorsal-movement regions”) or atthe level of speech processing (“speech-related regions”). In addition, gaze behavior wasrecorded using eye tracking to assess if participants attended to the visual-speechinformation.
4.3 Are Dorsal-Movement Regions and Ventral-Form Regions Functionally
Connected during Visual-Speech Recognition?The theoretical account for dynamic face perception by Bernstein and Yovel (2015)proposed that visual sensory regions in the dorsal-movement pathway and in the ventral-form pathway are concurrently involved in processing of both changeable and invariantinformation in the dynamic face. Recent studies demonstrated that the dorsal-movementand the ventral-form regions are functionally connected during facial emotion perception inthe typically developing population (Foley et al., 2012; Furl et al., 2014).The first aim of Study 3 was to explore whether such a dorsal-ventral functionalconnectivity also exists during visual-speech recognition in typically developing individuals.If that were the case, I aimed to examine the behavioral relevance of this functionalconnectivity, i.e., if its strength is associated with the accuracy of visual-speech recognition.The second aim of Study 3 was to investigate whether alterations of the dorsal-ventralfunctional connectivity are related to the difficulties in visual-speech recognition in ASD.
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5 Empirical Studies
5.1 Study 1 – Intranasal Oxytocin Modulates Voice-Identity Processing in the
Human Brain
5.1.1 Summary Study 1In Study 1, I investigated whether intranasal administration of oxytocin can improverecognition of voice identity and modulate the underlying brain responses in the rightpSTS/STG in typically developing individuals and individuals diagnosed with ASD. Such anoxytocin-related enhancement would be particularly beneficial for individuals with ASD, whoshow behavioral and functional brain deficits during voice-identity processing (Schelinski etal., 2016). However, given the dysfunction of the right pSTS/STG in ASD, it was also likely thatthe efficacy of the intranasal oxytocin on the right pSTS/STG processing might be impededor more variable in ASD. In Study 1, 18 adults with ASD and 18 typically developing controls(pairwise matched on age, gender, handedness and full-scale IQ) participated in an functionalmagnetic resonance imaging (fMRI) study that was conducted in a randomized, double-blind,placebo-controlled, within-subject, cross-over design. Participants were invited to two fMRIsessions where they received a nasal spray containing either oxytocin (24 InternationalUnits) or placebo. 45 minutes after substance administration, a voice-identity recognitionexperiment was conducted in the MRI environment. Participants listened to blocks of two-word sentences spoken by four male speakers and performed a speaker task and a speechtask on the same stimuli. The sentences were assorted into blocks of 16 phonologicallysimilar sentences. At the beginning of each block, participants were presented with a targetand asked to decide whether the identity of speaker matched a target speaker (speaker task),or whether the content of a sentence matched a target sentence (speech task). The contrast“speaker task > speech task” was used to specifically target mechanisms for voice-identityrecognition. I chose the right pSTS/STG as a region of interest (ROI), because it has beenimplicated in the perceptual analysis of voice-identity information in typically developingindividuals (Maguinness et al., 2018) and it had reduced responses to the contrast “speakertask > speech task” in ASD (Schelinski et al., 2016).Oxytocin compared to placebo increased the right pSTS/STG responses to “speaker task> speech task” only in the controls, but not in individuals with ASD. In the ASD group, I found
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a positive correlation between the right pSTS/STG responses and speaker recognitionaccuracy in the oxytocin condition, but not in the placebo condition. There were no significantdifferences in the behavioral recognition accuracy in the speaker task after oxytocincompared to placebo in any of the groups. Finally, I replicated previous findings in ASD(Schelinski et al., 2016) by showing that ASD compared to typically developing controls hadreduced Blood Oxygenation Level Dependent (BOLD) responses to the contrast “speaker task> speech task” in the right pSTS/STG.The findings provide first evidence that brain responses to voice-identity recognition canbe modulated by intranasal oxytocin in the typically developing population. In ASD, however,there were no significant changes in the right pSTS/STG responses. I assume that thedysfunction of the right pSTS/STG in ASD might be at the core of the overall lack of oxytocin-related modulation of the right pSTS/STG responses to voice identity in this population. Thisindicates that atypical sensory brain mechanisms not only contribute to at least somedifficulties in social communication in ASD, but might also influence the efficacy oftherapeutic interventions that aim to alleviate the behavioral deficits. The potential ofintranasal oxytocin to enhance voice-identity processing is likely not universal, but ratherdependent on the functional integrity of the underlying brain region (i.e., the rightpSTS/STG).
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5.1.2 Publication Study 1
Intranasal oxytocin modulates voice-identity recognition in
typically developing individuals, but not in ASD
____________________________________________________________________________________________Kamila	Borowiak1,2,3	&	Katharina	von	Kriegstein2,3
1 Berlin School of Mind and Brain, Humboldt University of Berlin, Luisenstraße 56, 10117,
Germany,
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3 Max Planck Institute for Human Cognitive and Brain Sciences, Stephanstraße 1a, 04103
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Published inBorowiak, K., & von Kriegstein, K. (2020). Intranasal oxytocin modulates voice-identityrecognition in typically developing individuals, but not in ASD. Translational Psychiatry, 10,221.
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5.2 Study 2 - Recognizing Visual Speech: Reduced Responses in Visual-
Movement Regions, but not other Speech Regions in Autism
5.2.1 Summary Study 2In	 Study	2,	 I	 aimed	 to	 resolve	 at	 what	 level	 of	 processing	 atypical	 brain	 mechanisms	contribute	to	visual-speech	recognition	difficulties	in	ASD.	In	a	hypothesis-driven	approach,	I	investigated	eight	ROIs	that	have	been	previously	associated	with	visual-speech	recognition	(Blank	&	von	Kriegstein,	2013):	three	dorsal-movement	regions	(bilateral	V5/MT,	left	TVSA)	and	 five	 speech-related	 regions	 (bilateral	 PCG,	 bilateral	 SMA,	 left	 IFG).	 I	 tested	 following	hypotheses.	First,	if	the	behavioral	deficits	are	due	to	atypical	perception	of	visual	movement	in	the	face,	I	expected	lower	responses	and/or	lower	functional	connectivity	in	the	dorsal-movement	regions	in	ASD	compared	to	typically	developing	individuals	during	recognition	of	visual	 speech.	 Second,	 if	 the	 visual-speech	 recognition	 difficulties	 are	 due	 to	 atypical	mechanisms	 for	 speech	 processing,	 I	 expected	 comparable	 responses	 and	 functional	connectivity	 in	 the	 dorsal-movement	 regions	 in	 both	 groups,	 but	 lower	 responses	 and/or	functional	connectivity	 in	the	speech-related	regions	 in	ASD	 in	comparison	to	controls.	17	adults	 with	 ASD	 and	 17	 typically	 developing	 controls	 (pairwise	 matched	 on	 age,	 gender,	handedness	 and	 full-scale	 IQ)	 participated	 in	 an	 fMRI	 study	 including	 a	 visual-speech	recognition	experiment	and	a	functional	ROI	localizer.	Concurrent	eye	tracking	was	recorded	to	 monitor	 participants’	 eye	 movements	 to	 account	 for	 their	 potential	 influence	 on	 brain	responses	 (Jiang	 et	 al.,	 2017).	 In	 the	 visual-speech	 recognition	 experiment,	 participants	viewed	 blocks	 of	 visual-only	 videos	 of	 three	 male	 speakers	 articulating	 syllables	 and	performed	a	visual-speech	task	and	a	 face-identity	task	on	the	same	stimuli.	The	syllables	were	 assorted	 into	 blocks	 of	 nine	 videos	 considering	 the	 German	 viseme	 classes	(Aschenberner	&	Weiss,	2005).	At	the	beginning	of	each	block,	participants	were	presented	with	a	target	and	then	asked	to	decide	whether	a	syllable	matched	a	target	syllable	(visual-speech	task),	or	whether	the	identity	of	the	speaker	matched	the	target	person	(face-identity	task).	The	functional	ROI	localizer	included	passive	viewing	of	moving	and	static	faces	and	objects.	 The	 dorsal-movement	 ROIs	 were	 defined	 functionally	 using	 the	 functional	 ROI	localizer	and	the	speech-related	ROIs	were	defined	anatomically.	I	analyzed	both	local	brain	responses	in	the	ROIs	and	their	functional	connectivity	during	recognition	of	visual	speech	
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compared	 to	 recognition	 of	 face	 identity.	 I	 included	 eye	 movements	 as	 covariates	 of	 no	interest	into	the	analysis.Behavioral	results	corroborated	previous	evidence	that	ASD	individuals	have	difficulties	recognizing	 visual	 speech	 and	 face	 identity.	 Gaze	 behavior	 was	 comparable	 between	 the	groups.	Local	brain	response	analysis	revealed	that	compared	to	the	control	group,	the	ASD	group	showed	decreased	BOLD	responses	to	visual	speech	in	contrast	to	face	identity	in	the	right	V5/MT	and	in	the	left	TVSA.	Responses	in	the	right	V5/MT	were	positively	correlated	with	 visual-speech	 recognition	 accuracy	 in	 the	 ASD	 group,	 but	 not	 in	 the	 control	 group.	Functional	 connectivity	 analysis	 revealed	 that	 connectivity	 between	 the	 dorsal-movement	regions	and	between	the	left	IFG	was	lower	in	the	ASD	group	compared	to	the	control	group.	Finally,	 BOLD	 responses	 in	 the	 speech-related	regions	 and	 their	 functional	 connectivity	 in	ASD	were	comparable	to	controls.	Our	 findings	 are	 the	 first	 to	 reveal	 brain	 mechanisms	 that	 underlie	 visual-speech	recognition	difficulties	in	ASD	and	point	towards	a	dysfunction	already	at	the	stage	of	visual-movement	perception	in	the	dorsal-movement	regions.	Similar	gaze	behavior	in	both	groups	emphasizes	the	perceptual	nature	of	the	visual-speech	recognition	deficit	 in	ASD,	which	 is	likely	not	due	to	atypical	attention	allocation	to	the	face.	Our	findings	support	the	view	that	at	least	some	aspects	of	socio-communication	difficulties	in	ASD	can	be	attributed	to	atypical	sensory	perception	(Baum	et	al.,	2015;	Robertson	&	Baron-Cohen,	2017;	Thye	et	al.,	2018)	and	 challenge	 other	 views	 that	 have	 entirely	 linked	 them	 to	 non-perceptual	 mechanisms	(Baron-Cohen,	1997;	Chevallier	et	al.,	2012).	
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5.2.2 Publication Study 2
Recognizing visual speech: Reduced responses in visual-
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5.3 Study 3 - Dorsal-Movement and Ventral-Form Regions are Functionally
Connected during Visual-Speech Recognition
5.3.1 Summary Study 3In	Study	3,	I	first	examined	whether	dorsal-movement	regions	(V5/MT,	pSTS/STG	(i.e.,	TVSA))	and	ventral-form	regions	(OFA,	FFA)	are	functionally	connected	during	visual-speech	recognition	 in	 the	 typically	 developing	 population,	 and	 if	 such	 functional	 connectivity	 is	behaviorally	relevant	for	successful	recognition	of	visual	speech.	Second,	I	tested	if	alterations	of	this	dorsal-ventral	functional	connectivity	contribute	to	visual-speech	recognition	deficits	in	ASD.	To	do	this,	I	conducted	a	psycho-physiological	interaction	(PPI)	analysis	(Friston	et	al.,	 1997)	 on	the	 same	 data	 that	 had	 been	 acquired	 for	 the	 purpose	 of	 Study	 2,	where	 17	pairwise	matched	adults	with	ASD	and	17	typically	developing	controls	performed	a	visual-speech	recognition	experiment.	The	PPI	analysis	assesses	the	relationship	between	response	changes	 in	 different	 brain	 regions	 that	 occur	 due	 to	 a	 specific	 task.	 Thus,	 I	 investigated	 if	responses	in	the	dorsal-movement	regions	(seed	regions)	are	more	related	to	responses	in	the	ventral-form	regions	(target	regions)	during	the	visual-speech	task	compared	to	the	face-identity	task.	Seed	regions	were	defined	in	the	bilateral	V5/MT	and	in	the	bilateral	TVSA	in	each	 individual	participant.	 I	 first	localized	the	 individual	V5/MT	ROIs	and	the	TVSA	ROIs	using	 the	 functional	 ROI	 localizer	 and	 then	 searched	 for	 the	 peak	 of	 the	 contrast	 “visual-speech	 task	 >	 face-identity	 task”	 that	 was	 located	 within	 the	 respective	 individual	 ROIs.	Target	regions	were	defined	in	the	bilateral	OFA	and	in	the	bilateral	FFA	within	and	across	the	groups.	The	bilateral	OFA	was	defined	based	on	the	probabilistic	atlas	of	face-sensitive	brain	regions	(Engell	&	McCarthy,	2013).	The	bilateral	FFA	was	localized	using	the	functional	ROI	localizer.	The	PPI	analysis	revealed	that	the	bilateral	dorsal-movement	regions	were	functionally	connected	to	the	bilateral	ventral-form	regions	during	recognition	of	visual	speech	compared	to	face	identity.	This	was	the	case	in	both	typically	developing	controls	and	individuals	with	ASD.	 However,	 parts	 of	 the	 dorsal-ventral	 functional	 connectivity	 were	 reduced	 in	 ASD	compared	to	controls	(i.e.,	right	V5/MT-	right	OFA,	left	TVSA	–	left	FFA).	The	strength	of	the	dorsal-ventral	connectivity	did	not	correlate	with	recognition	accuracy	in	the	visual-speech	task	in	any	of	the	groups.
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The	 findings	 corroborate	 the	 theoretical	 account	 for	 dynamic	 face	 perception	 by	Bernstein	 and	 Yovel	 (2015)	 by	 demonstrating	 that	 the	 dorsal-movement	 regions	 and	 the	ventral-form	regions	are	concurrently	involved	in	perceiving	information	from	dynamic	faces,	such	as	visual	speech.	This	poses	a	challenge	to	the	traditional	model	by	Haxby	et	al.	(2000)	that	attributed	visual-speech	processing	only	to	the	dorsal-movement	region	in	the	pSTS/STG	(i.e.,	 TVSA).	 Our	 findings	 give	 new	 insights	 into	 the	 processing	 of	 dynamic	 faces	 in	 ASD	suggesting	that	atypicalities	of	the	dorsal-ventral	connectivity	might	contribute	to	dynamic	face	perception	deficits	known	in	ASD	(Foxe	et	al.,	2015;	O’Brien	et	al.,	2014;	Sato	et	al.,	2012)
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Dorsal-movement and ventral form regions are functionally
connected during visual-speech recognition.
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6 General Discussion
The findings from the current dissertation lend new evidence and advance ourunderstanding of the sensory brain mechanisms behind the perception of visual andauditory communication signals. They provide important implications for both the ASD andthe typically developing population. First, the findings corroborate the view that atypicalbrain mechanisms at the level of sensory perception might be linked to difficulties inprocessing some aspects of audiovisual communication that are known in ASD (i.e.,recognition of visual speech and voice identity). Second, they improve our currentknowledge about how sensory brain regions process communication signals in typicallydeveloping individuals, namely the visual communication signals from the dynamic face.Finally, they give new insights into the mechanisms that might determine the efficacy oftherapeutic interventions that aim for improving social perception during face-to-facecommunication.
6.1 Implications for Autism Spectrum DisorderMost previous studies have considered socio-communication difficulties in ASD in termsof atypical processing at the level of cognition (for review see Lai et al., 2014; Leekam, 2016).The current dissertation delivers empirical support for the view that atypical sensoryperception might play an important role for our understanding socio-communicationdeficits in ASD (Baum et al., 2015; Robertson & Baron-Cohen, 2017). It provides findingsindicating that functional atypicalities of sensory perceptual brain regions may be crucial forunderstanding the etiology of at least some of the behavioral difficulties that are at the coreof ASD. Moreover, it highlights that the efficacy of therapeutic interventions that aim toalleviate the behavioral deficits might be modulated by the functional integrity of thesesensory brain regions.The current findings emphasize that knowledge about functions in primary sensoryregions outside of the so-called social brain for social processing (Adolphs, 2009; Brothers,1990), such as the V5/MT, might be essential to advance our knowledge about how the brainof individuals with ASD processes communication signals. So far, mechanisms in the
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STS/STG (i.e., TVSA) and the FFA, which are both part of the social brain, have beenconsistently related to social difficulties in ASD (for reviews see Bölte et al., 2015; Redcay,2008; Scherf et al., 2015; Yang et al., 2015). It is therefore of particular interest thatfunctional deficits of a region that is not specifically involved in perception of sociallyrelevant information, i.e., V5/MT, were found to be associated with behavioral difficulties invisual-speech recognition in ASD. I propose that this is the case because more general (i.e.,non-social) sensory mechanisms provide a critical foundation for further informationprocessing in more specialized brain regions. Thus, sensory brain mechanisms might have acentral role for explaining not only behavioral deficits, but also atypical functioning in brainregions that are typically implicated in social cognition. In the context of this dissertation,the atypical mechanisms in the V5/MT might contribute to less reliable perceptualrepresentations of movement. This is in agreement with findings about impairments ingeneral movement perception in ASD (Robertson et al., 2012; Tsermentseli et al., 2008), thathave been linked to atypical V5/MT functioning (Robertson et al., 2014; Brieber et al., 2010).Less reliable movement representations likely impair the construction of more advancedrepresentations of visual speech in other regions (Figure 2). On the one hand, functions ofthe TVSA in the dorsal-movement pathway might be affected – a region known to bespecifically involved in processing the visual-speech signal. On the other hand, functions ofthe OFA and the FFA along the ventral-form pathway could be disturbed, and thus theperception of form information from the moving face (O’Toole et al., 2002). Such an effect ofthe V5/MT deficits is likely not specific to visual speech and may have an effect on processingof other socially relevant visual information. For example, one might expect that the V5/MTatypicalities could be related to difficulties in recognizing emotion and identity from themoving face (O’Brien et al., 2016; Sato et al., 2012), as Bernstein and Yovel (2015) proposedthat the dorsal-ventral connectivity might function as a universal mechanism for perceivingdynamic faces.An important contribution of the current work is to emphasize that increasing ourknowledge about atypical perceptual brain mechanisms might also be relevant for thedevelopment of therapeutic interventions for improving social deficits in ASD. In Study 1, Ifound no significant effect of a pharmacological intervention with intranasal oxytocin onvoice-identity processing in ASD. This might be due to the dysfunction of the sensory right
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pSTS/STG during voice-identity recognition in ASD. This suggests that the right pSTS/STGlikely not only determined the processing of the voice-identity information, but alsomodulated its malleability using intranasal administration of oxytocin. Thus, the potential ofintranasal oxytocin to boost social perception might be reliant on the functional integrity ofthe underlying sensory brain regions. Additionally, the pSTS/STG was reported to have areduced expression of oxytocin receptor genes (OXTR) in ASD (Gregory et al., 2009). Thismight be crucial because OXTR determine the numbering and functioning of oxytocinreceptors to which intranasal oxytocin can bind (Yamasue et al., 2012). In contrast, thepSTS/STG in typically developing individuals is characterized by a high expression of OXTR(Paloyelis et al., 2016; Bethlehem et al., 2017). Such variations of the OXTR expression havebeen shown to be predictive for efficacy of intranasal oxytocin both in typically developingand in ASD individuals (Feng et al., 2015; Watanabe et al., 2017). Taken together, thissuggests that not all therapeutic interventions might be suitable to enhance brainmechanisms that are related to aspects of socio-communication deficits in ASD.From a more general perspective, there has been an ongoing debate about the validityof previous findings favoring the potential of intranasal administration of oxytocin toenhance behavior and brain processes (Lane et al., 2016; Leng & Ludwig, 2016; Young &Berrett, 2015; Walum et al., 2016). A meta-analysis of previous studies that specificallyinvestigated oxytocin-related modulation of social cognition in ASD reported a non-significant low effect size (Ooi et al., 2017). Numerous clinical trials examining the potentialof a long-term administration of intranasal oxytocin to reduce the severity of ASD symptomsalso provided rather weak evidence for its efficacy (e.g., Anagnostou et al., 2012; Anagnostouet al., 2014; Guastella et al., 2015; Parker et al., 2017). The present findings support thecritical view on intranasal oxytocin administration by indicating that its efficacy to improvesocial deficits in clinical populations might not be as promising and universal as initiallypresumed, at least not in ASD.
6.2 Implications for Typically Developing IndividualsThe findings of the present dissertation contributed to a better understanding of brainmechanisms for the perception of visual and auditory communication signals also in
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typically developing individuals. First, in the visual domain, they lend empirical support forthe recent theoretical account for dynamic face perception proposed by Bernstein and Yovel(2015) by demonstrating that visual sensory regions in the dorsal-movement pathway andin the ventral-form pathway are functionally connected during visual-speech recognition.Second, in the auditory domain, they show that intranasal oxytocin has the potential tomodulate responses in the sensory right pSTS/STG implicated in voice perception - an effectthat in typically developing individuals had to date only been documented for visual sensoryregions and face perception (Kanat et al., 2015; Domes et al., 2014; Domes et al., 2010).The findings about the recruitment of the dorsal-ventral connectivity during visual-speech recognition corroborates the view that the dorsal-movement regions and the ventral-form regions are concurrently involved in the perception of different aspects of dynamicfaces, including facial emotion and visual speech (Foley et al., 2012; Furl et al., 2014).Considering that Bernstein and Yovel (2015) proposed that the dorsal-ventral networkmight act as a universal mechanism for perceiving dynamic faces, it remains to be testedwhether dorsal-ventral functional connectivity is also recruited during recognition of faceidentity. The dorsal-ventral connectivity could provide a suitable mechanism for anintegration of movement and form information that is processed in each respective pathway,into one coherent percept of a dynamic face. Individuals with prosopagnosia - a selectivedeficit in recognizing face identity that has been linked to functional atypicalities along theventral-form pathway (Gomez et al., 2015; Song et al., 2015) - show behavioral difficulties inintegrating movement and form cues during face-identity recognition (Maguinness &Newell, 2015). This suggests that movement-form-integration might involve interactionsbetween the dorsal-movement and the ventral-form regions. However, the theoretical modelby Bernstein and Yovel (2015) did not propose how and when movement and forminformation could be integrated during dynamic face perception. The present findings leavethe answer to this question open, because the PPI analysis provides no information aboutthe time course and the directionality of the functional connectivity (Friston et al., 1997).Future studies applying methods which are more sensitive to temporal components e.g.,magnetoencephalography (MEG) or to directionality e.g., the Dynamic Causal Modeling(DCM) (Friston et al., 2003) might help elucidate this matter.
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The finding about the recruitment of the dorsal-ventral functional connectivity duringvisual-speech recognition also sheds new light on the role of non-social visual sensoryregions such as the V5/MT for the perception of dynamic faces in typically developingindividuals. So far, most of the theoretical brain models for dynamic face perception havefocused mainly on social sensory regions linked to face perception including the pSTS/STG(i.e., TVSA), the OFA and the FFA (Duchaine & Yovel, 2015; Haxby et al., 2000; but see O’Tooleet al., 2002). However, the V5/MT might have a key structural position in the architecture ofthe dorsal-ventral network. It is structurally well connected not only to the dorsal-movementpSTS/STG (Kim et al., 2006), but also to the OFA and the FFA in the ventral-form pathway(Ethofer et al., 2011; Kim et al., 2006). At the same time, the pSTS/STG and the two ventral-form regions share less structural connections (Ethofer et al., 2011; Gschwind et al., 2012;Pyles et al., 2013). Thus, the V5/MT is a suitable candidate region to facilitate the functionalconnectivity between the dorsal-movement and the ventral-form regions during dynamicface perception. Such a central position of the V5/MT is in agreement with the finding inStudy 2 of this dissertation where reduced right V5/MT responses to visual speech wereassociated with lower visual-speech recognition accuracy in ASD. Further studies are neededto systematically elucidate the functional role of the V5/MT region in the dorsal-networkconnectivity and its contribution to recognition of dynamic faces. Application of transcranialmagnetic stimulation (TMS) or transcranial direct-current stimulation (tDCS), which caninduce virtual lesions in the brain (Gandiga et al., 2006; Pascual-Leone, 1999), could facilitateinvestigation of the causal involvement of the V5/MT in processing dynamic faces and visualspeech in typically developing individuals.The present dissertation demonstrated that intranasal administration of oxytocin canmodulate responses in auditory sensory brain regions such as the pSTS/STG duringprocessing of voice identity in typically developing individuals. So far, previous studiesreported an oxytocin-related increase of responses to visual social stimuli in visual sensorybrain regions (i.e., emotional faces) in contrast to non-social stimuli or to baseline conditionswithout any stimulation (e.g., Domes et al., 2010; Domes et al., 2013). The present findingadvanced the current state of evidence by showing that intranasal oxytocin can boost brainresponses to perception of social information, such as voice identity, when this is presentedtogether with other social information, such as speech. This is important, because in every-
33|General Discussion
day life we are confronted with multiple aspects of such socially relevant communicationsignals at the same time. Yet, it is still unclear how or if these increased brain responses maycontribute to a better comprehension of communication signals. Specifically, the enhancedright pSTS/STG responses to voice identity in Study 1 were not mirrored in an improvedbehavioral accuracy of voice-identity recognition under oxytocin. Similar findings have alsobeen reported by other recent neuroimaging studies investigating effects of intranasaloxytocin on face recognition (e.g., Kanat et al., 2015; Domes et al., 2013).The current dissertation raises important questions for future studies that aim toelucidate if intranasal administration of oxytocin can promote perception andcomprehension of communication signals in natural every-day life situations. It is intriguingthat significant oxytocin-related modulation of brain responses often has not been related tosignificant changes in behavior. One potential reason for that might be the experimentaldesigns that were applied. Thus, I propose a few implications for future studies. First,experimental paradigms are needed which include two social conditions requiring aselective attention to one specific social information in the presence of other competingsocial signals. Second, such experimental paradigms should be validated with regard to theirsensitivity to reliably detect oxytocin-related changes in behavior. Finally, the validatedexperimental paradigms could be brought into the MRI environment to test for howoxytocin-related changes in behavior are related to brain responses to social communicationsignals in comparison to other socially relevant information. In addition, communicationsignals during natural social interactions are often multimodal (e.g., audiovisual speech)requiring fast integration of components from different modalities. In contrast, mostprevious studies focused on information processing in visual or auditory modalityseparately. Two recent studies in ASD demonstrated that intranasal oxytocin can enhancebrain responses to audiovisual emotion recognition, when the face and the voice arepresented at the same time (Aoki et al., 2015; Watanabe et al., 2012). Future investigationsshould further explore if oxytocin can improve integration of visual and auditorycomponents of communication signals. Taken together, I suggest that future studies in thefield of oxytocin research should put more emphasis on the ecological validity ofexperimental designs.
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7 Future Applications of the Current FindingsThe current dissertation works towards a better understanding of fundamentalcomponents of audiovisual human communication: recognition of speech movements fromthe face and person identity from the voice. The characterization of the neuro-functionalmechanisms that underlie these processes and their malleability provide novel incentivesfor future studies and practical applications. These are particularly relevant for individualswith ASD, but also other clinical populations that show communication difficulties.Impairments of the visual sensory V5/MT region are likely central to the processing ofvisual communication signals from the dynamic face, at least for the visual speech. Thisindicates that interventions stimulating functions of the V5/MT might have the potential toalleviate such perceptual difficulties with visual communication signals that are known inASD (e.g., O’Brien et al., 2014; Sato et al., 2012). Methods of brain stimulation, such as theTMS or the tDCS are suitable to enhance brain responses (Gandiga et al., 2006; Pascual-Leone, 1999). For example, in typically developing individuals, perception of coherentmotion can be enhanced after tDCS stimulation of the V5/MT region (Antal, 2004; Battagliniet al., 2017). In addition, visual perceptual trainings have been shown to boost perception ofcoherent motion (Ball & Sekuler, 1982; Watanabe et al., 2001). Improved processing ofgeneral movement might contribute to its more reliable representations in the human brain,and thus to an improved recognition of visual communication signals that contain movementcues. I suggest that intervention programs combining brain stimulation approaches andbehavioral tasks on visual-movement perception might have the potential to boostfunctioning of the dorsal-movement regions and thus to enhance perception of visualcommunication signals. Brain stimulation studies targeting the V5/MT could also allow us toinvestigate if improved perceptual representations of movement in the V5/MT couldcontribute to more efficient processing of the visual-speech signal in the TVSA or modulatethe V5/MT functional connectivity to regions in the ventral-form pathway. Finally, studiestesting tDCS stimulation over the left pSTS/STG (i.e., TVSA) in ASD are recommended, sincetDCS stimulation of this region has been shown to improve visual-speech recognition intypically developing individuals (Riedel et al., 2015).
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Future studies could also test if combinining behavioral trainings and brain stimulationmight have any effect on voice-identity recognition in ASD. The lack of oxytocin-relatedenhancement of voice-identity processing in this population does not imply that otherintervention approaches should not be effective. To date and to my knowledge, no previousstudy has specifically investigated if brain stimulation methods could enhance voice-identityprocessing. The finding that TMS over the right STS/STG can modulate discriminationbetween vocal and non-vocal information (Bestelmeyer et al., 2011) suggests that brainstimulation approaches could be effective to improve voice-identity recognition in thehuman brain. Furthermore, it would be interesting to examine if intranasal oxytocinadministration can boost processing of visual speech in ASD, because this behavioral deficitis also underpinned by a dysfunction in portions of the pSTS/STG (i.e., TVSA). This couldinform us if the failure of oxytocin to influence voice-identity processing in the pSTS/STGwas due to the dysfunction of this region in ASD (in case of no improvement of visual-speechrecognition) or due to other factors such as for example the auditory or emotionally neutralnature of the stimuli (i.e., in case of improved visual-speech recognition). Alternatively, oneshould examine if intranasal oxytocin could benefit visual-speech recognition viamechanisms in the V5/MT. Finally, further investigation of OXTR expression in the brain ofindividuals with ASD is required to characterize which brain regions, and thus processes, aresuitable to benefit from intranasal oxytocin administration.Developing therapeutic interventions to improve the perception of visual and auditorycommunication signals could benefit not only individuals with ASD, but also individualsdiagnosed with other neurodevelopmental disorders such as schizophrenia spectrumdisorders (SSD) and dyslexia (APA, 2013). SSD is of particular interest in the context of ASDsymptomatology. ASD and SSD are both associated with social communication andinteraction difficulties and there has been an ongoing discussion about a partially sharedetiology of the two conditions (for review see Chisholm et al. 2015). In the context of socialcommunication, SSD and dyslexia have been both associated with impaired perception ofvisual speech (de Gelder et al., 1998; de Gelder et al., 2003; Mohammed et al., 2006;Silverstein, 2016) and voice identity (Alba-Ferrara et al., 2012; Chhabra et al., 2012; Perea etal., 2014; Perrachione et al., 2011). Similar to ASD, the behavioral deficits in SSD and dyslexiamight also be linked to atypical perceptual mechanisms such as deficits in pitch perception
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(Gold et al., 2012; Ziegler et al., 2012) or general movement perception (Benassi et al., 2010;Silverstein et al., 2016). However, the brain mechanisms underlying these behavioraldifficulties are largely unknown (Zhang et al., 2008). Comparative investigation of visual-speech and voice-identity processing in ASD, SSD and dyslexia could be informative toincrease our understanding of the mechanisms behind the behavioral social difficulties andto create therapeutic approaches that are tailored for their improvement.
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